Dicer is an RNase III enzyme essential for the maturation of the majority of microRNAs. Recent studies have revealed downregulation or hemizygous loss of Dicer in many tumor models and demonstrated that suppressing Dicer activity enhances tumorigenic activities of lung and breast cancer cells, which support Dicer as a haploinsufficient tumor suppressor in these cancer models. Surprisingly, we found that knocking down Dicer expression suppresses the growth and tumorigenic capacity of human prostate cancer cell lines, but enhances migratory capacities of some prostate cancer cell lines. Dicer is upregulated in human prostate cancer specimens, but lower Dicer expression portends a shorter time to recurrence. Complete ablation of Dicer activity in a Pten null mouse model for prostate cancer significantly halts tumor growth and progression, demonstrating that microRNAs have a critical role in maintaining cancer cell fitness. In comparison, hemizygous loss of Dicer in the same model also reduces primary tumor burden, but induces a more locally invasive phenotype and causes seminal vesicle obstruction at high penetrance. Disrupting Dicer activity leads to an increase in apoptosis and senescence in these models, presumably through upregulation of P16/INK4a and P27/Kip1. Collectively, these results highlight a pleotropic role of Dicer in tumorigenesis that is not only dosagedependent but also tissue context-dependent.
INTRODUCTION
Dicer is an RNase III enzyme essential for the maturation of almost all microRNAs. 1 In addition, its C-terminal fragment also possesses DNase activity that is critical for DNA fragmentation during apoptosis. 2 Numerous genetic studies using mouse models have been performed to specifically disrupt the RNase III activity of Dicer in various organs to determine the biological significance of functional microRNA biogenesis. The resulting biological consequences vary dramatically depending on the targeted organs. For examples, Dicer ablation severely affects limb morphogenesis, 1 causes skin tissue disorganization, 3, 4 impairs embryonic stem cell differentiation, 5 and attenuates specified functions of the differentiated B lymphocytes. 6 The most common cellular responses to Dicer ablation are increased apoptosis and senescence. [7] [8] [9] In contrast, loss of function of Dicer in the vas deferens did not appear to cause major defects. 10 Previously, we demonstrated that disrupting the RNase III function of Dicer in the prostate induces prostate epithelial apoptosis and causes prostate epithelial hypoplasia. 11 Array expression profiling analyses have revealed a global reduction of microRNA expression in various cancer models. 12 This observation led to the hypothesis that the molecular machinery for microRNA maturation, such as Dicer, is deregulated in tumor tissues. Subsequently, lower Dicer expression was found to be associated with advanced tumor stages and poor clinical outcome in melanoma, 13 neuroblastoma, 14 breast, [15] [16] [17] lung 18, 19 and ovarian cancers. 20, 21 Recently, several lines of evidence have established Dicer as a haploinsufficient tumor suppressor in certain tumor models. Dicer hemizygous loss was frequently detected in lung, intestine and breast cancers and so on. 22 In addition, suppressing Dicer expression in lung cancer and neuroblastoma enhanced their tumorigenicity. 14, 23 Finally, studies using genetically engineered mouse models showed that Dicer haploinsufficiency promotes disease progression in mouse models for K-Ras-induced lung cancer and RB loss-induced retinoblastoma. 22, 24 Of note, haploinsufficiency of Dicer had no effect on the progression of Myc-induced B-cell lymphomagenesis in mice, suggesting that Dicer may not always function as a haploinsufficient tumor suppressor. 25 The role of Dicer in prostate carcinogenesis remains undetermined. Dicer hemizygous loss is not frequently observed in prostate cancer. Interestingly, global increase and decrease of microRNA expression in prostate adenocarcinoma have both been reported. 12, 26, 27 Previously, two independent studies have shown that expression of many microRNA processing components including Drosha and all proteins in the RNA-induced silencing complex (RISC) complex are transcriptionally upregulated in prostate cancer specimens as compared with that in control benign prostate tissues. 28, 29 Chiosea et al. 29 showed that Dicer upregulation is even correlated with advanced disease stage. These descriptive studies do not support Dicer as a haploinsufficient tumor suppressor in prostate cancer, and implicate that the role of Dicer in prostate carcinogenesis may not be exactly the same as that in other epithelial malignancies.
Herein, we sought to use cellular biological and genetic approaches to determine the role of Dicer in prostate carcinogenesis. Our results concur with previous studies that Dicer is required for efficient progression of tumorigenesis. 25, 30, 31 Surprisingly, in contrast to previous studies showing that Dicer haploinsufficiency promotes 22, 24 or does not affect tumor progression, 25 we found that haploinsufficiency of Dicer or partial suppression of Dicer expression impairs the proliferation and tumorigenesis of prostate cancer cells in vitro and in vivo. However, lowering Dicer activity can enhance the invasiveness of certain types of prostate cancer cell lines. Our study demonstrates a dosage-dependent pleiotropic role of Dicer in prostate tumorigenesis and highlights differential roles of Dicer in different organ systems.
RESULTS
Dicer is upregulated in human prostate cancer specimens We examined the expression level of Dicer in the primary human prostate epithelial cells, two immortalized prostate epithelial cells (PNT1 and PNT2) and five cancerous human prostate cell lines using quantitative reverse transcription PCR (qRT-PCR) and western blot analyses. Figure 1a shows that although the expression level of Dicer transcript does not always correspond to that of the protein, all cancer cell lines express Dicer at comparable or higher levels than the primary human prostate epithelial cell and immortalized (PNT1 and PNT2) human prostate epithelial cells. We then compared the expression of Dicer in normal prostate specimens (N ¼ 26, samples from benign peripheral zone of prostate tissues) and prostate cancer specimens (N ¼ 37, 19 from non-recurrent tumor specimens and 18 from patients that developed early recurrent cancer). qRT-PCR analysis showed that Dicer expression in tumors is B1.5-1.6 fold of that in normal tissues (Figure 1b ). This result, together with two previous studies, 28, 29 shows that Dicer is upregulated in human prostate cancer tissues.
Notably, the primary tumors that recurred expressed Dicer at a relatively lower level than the non-recurrent tumors ( Figure 1b ). Consistently, analysis of a database from the Memorial Sloan Kettering Cancer Center 32 also shows that patients with relatively lower expression levels of Dicer (the lower 25% portion) in primary prostate cancer specimens are more likely to develop recurrent disease ( Figure 1c ). Genomic analysis of the same database revealed that hemizygous loss of Dicer is very rare in primary human prostate cancer specimens ( Supplementary Table 2 ). Collectively, our results showed that although a relatively lower expression level of Dicer predicts poor clinical outcome, Dicer is upregulated in prostate cancer specimens.
Ablation and attenuation of Dicer activity affect disease progression of a Pten null prostate cancer model We sought to investigate whether the sustained and upregulated Dicer expression in prostate cancer cells reflects the functional necessity of Dicer for the survival and proliferation of prostate cancer cells. To address this issue, we reduced and ablated the RNase III activity of Dicer in a Pten null mouse model for prostate cancer, and evaluated the biological consequences. Briefly, ARR2PB-Cre (hereafter referred to as PB-Cre), 33 Pten flox/flox , 34 and Dicer flox/flox 1 mice were bred to generate a cohort of littermates that include PB-Cre;Pten flox/flox , PB-Cre;Pten flox/flox ;Dicer flox/Wt and PB-Cre;Pten flox/flox ;Dicer flox/flox mice (hereafter referred to as Pten À / À , Pten À / À Dicer À / þ and Pten À / À Dicer À / À mice). ARR2PB-Cre mice harbor the Cre transgene driven by a rat probasin promoter that is specifically active in prostate epithelia. 33 Cre-LoxP-mediated recombination disrupts the RNase III activity of Dicer by deleting its exon 24. The recombined allele encodes a truncated, functionally null Dicer.
In Dicer flox/flox mice, the ratio of genomic copy numbers of the floxed exon 24, and the non-floxed exon 21 is 1. qPCR analysis using genomic DNA showed that this ratio was reduced to 0.75 and 0.2 in 15-week-old Pten À / À Dicer À / þ and Pten À / À Dicer À / À mice, respectively, which confirms efficient deletion of exon 24 of Dicer (Figure 2a ). Taqman miRNA analysis shows that six representative prostate-expressed microRNAs were downregulated in Pten À / À Dicer À / þ and Pten À / À Dicer À / À mice (Figure 2b) . In contrast, the expression levels of the corresponding pre-microRNAs were not affected ( Supplementary Figure 1a) . These results corroborate that Dicer activity is attenuated. Phospho-AKT staining confirmed that Pten was successfully disrupted in mice in all the three groups ( Supplementary Figure 1b) . Figure 2c shows representative images of the prostates dissected from 7-, 15-and 32-week-old Pten À / À , Pten À / À Dicer À / þ and Pten À / À Dicer À / À mice. The prostate tissues from Pten À / À Dicer À / À mice were significantly smaller and weighed less compared with those in the other two groups, which is in agreement with previous studies showing that complete ablation of Dicer activity negatively impacts tumor cell fitness. 24, 25, 30, 31 Prostates from Pten À / À Dicer À / þ mice weighed similar to those from Pten À / À mice at 7 and 15 weeks of age, but weighed 50% less by 32 weeks. Table 1 summarizes disease progression in all the examined experimental mice. Histological analysis revealed that despite the difference in tissue weight, disease progressed with similar dynamics in the three different groups at 7 weeks ( Figure 2d ). All mice developed lesions at typical prostatic intraepithelial neoplasia (PIN) III-IV stages based on the criteria established by Park et al. 35 Glands with smooth or irregular outlines were surrounded by a fibromuscular sheath. Lumens of prostate lobes were filled with epithelial cells with nuclear pleomorphism and hyperchromasia displaying tufting and cribriform patterns. Figures 2e and f and Table 1 show that the majority of prostate lesions in Pten À / À and Pten À / À Dicer À / þ mice had progressed to at least microinvasive early cancer by 15 weeks and frank adenocarcinoma by 32 weeks. Immunostaining of smooth muscle actin reveals loss of the prostatic smooth muscle layer, corroborating the disease progression ( Figure 2g ). In contrast, lesions in all of the Pten À / À Dicer À / À mice remained at the PIN III or IV stage by 15 weeks. Collectively, complete ablation of Dicer activity suppresses tumor growth and progression. In comparison, attenuating Dicer activity negatively impacts tumor growth, but does not affect disease progression.
Attenuating Dicer activity induces a more invasive phenotype Despite smaller primary tumor burdens, Pten À / À Dicer À / þ mice developed seminal vesicle obstruction at high penetrance (69.2%) (9 out of 13 mice) by 32 weeks, which is in sharp contrast to 7.7% (1 out of 13 mice) observed in Pten À / À mice (P ¼ 0.004, Fisher's exact test) ( Figure 3a ). Histological analysis showed that there are more compact tumor tissues present at the region where seminal vesicles join the prostate in Pten À / À Dicer À / þ mice (arrow, Figure 3b ). However, we did not detect any micro-metastases in distal organs such as the liver and the lung in all the examined mice. These observations imply that tumors in Pten À / À Dicer À / þ mice are more locally invasive.
To understand the basis of this invasive phenotype, we examined global changes in gene expression in 15-week-old mouse prostates using Agilent 44 k whole-genome expression microarrays. A total of 544 genes were statistically significantly altered by at least 1.4-fold in the prostate tissues of either Pten À / À Dicer À / þ or Pten À / À Dicer À / À mice, or both mice, as compared with Pten À / À mice. Approximately 22% of genes were altered in the same trend in the prostate tissues of Pten À / À Dicer À / þ and Pten À / À Dicer À / À mice, while 70% of genes were only significantly affected in Pten À / À Dicer À / À mouse prostates. Very few genes were differentially regulated in the prostate tissues from Pten À / À Dicer À / þ and Pten À / À Dicer À / À mice or were only altered in those of Pten À / À Dicer À / þ mice. Data analysis revealed that a list of 41 genes ( Figure 3c ) associated with epithelial-mesenchymal transition, cell adhesion, migration and extracellular matrix deposition were significantly altered in favor of tumor metastasis in the prostate tissues of Pten À / À Dicer À / þ mice. qRT-PCR confirmed the changes in expression of some genes including growth factors (Tgfb1 and Ctgf), transcription factors (Snail, Twist2, and FoxC1), protease (Mmp7) and extracellular matrix components (Col5a and Col6a) ( Figure 3d ). We also evaluated the expression of two other major markers for EMT: Vimentin and E-Cadherin. Consistent to the invasive phenotype in Pten À / À Dicer À / þ mice, western blot analysis showed that E-Cadherin and Vimentin were downregulated and slightly upregulated in Pten À / À Dicer À / þ mouse prostate tissues, respectively ( Figure 3f) . Surprisingly, qRT-PCR analysis showed that they were both substantially downregulated in prostate tissues of Pten À / À Dicer À / À mice, but were not altered in tissues from Pten À / À Dicer À / þ mice (Figure 3e ), suggesting the existence of important post-transcriptional regulatory mechanisms. Collectively, these findings corroborate the phenotypic invasiveness of the tumors in Pten À / À Dicer À / þ mice at a molecular level. Abolishing Dicer activity enhances apoptosis and senescence in the Pten null prostate cancer model Terminal deoxynucleotidyl transferase dUTP nick end labeling analysis reveals a 2.5-and 1.5-fold increase in apoptotic index in the prostates of 15-week-old Pten À / À Dicer À / À and Pten À / À Dicer À / þ mice, respectively, as compared with Pten À / À mice (Figure 4a ). Costaining of the cleaved caspase 3 and the luminal cell marker cytokeratin 8 (K8) showed that almost all apoptotic cells are luminal cells, suggesting that attenuating Dicer activity negatively impacts the survival of luminal epithelial cells within the PIN lesions (Figure 4b ). Similar observations were made in the prostates of 7-week-old mice, though the increase in apoptosis does not reach statistical significance ( Supplementary  Figure 2 ). Pten-loss-induced cellular senescence has been shown to impede rapid progression of fully developed prostate adenocarcinoma in the Pten null prostate cancer model. 36, 37 Senescence-associated b-Galactosidase staining shows that tissues from Pten À / À Dicer À / À mice display a much stronger senescent phenotype than those from Pten À / À and Pten À / À Dicer À / þ mice (Figure 4c ). Collectively, these results demonstrate that impairing Dicer function induces luminal cell apoptosis while complete disruption of Dicer activity potentiates both apoptosis and senescence in the Pten null mouse model for prostate cancer. Disrupting Dicer activity induces senescence in mouse embryonic fibroblast cells and primary skin cells by upregulating Arf and P53. 7 We investigated whether disrupting Dicer activity in the prostate may enhance apoptosis and senescence by upregulating cyclin-dependent kinase inhibitors and P53 by Western blot analyses. Expression levels of P16 and P27 were higher in Pten À / À Dicer À / þ and Pten À / À Dicer À / À mouse prostates than those in Pten À / À mice at 15 weeks (Figure 4d ). We were not able to determine the expression of P19 due to technical issues. The expressions of P15 and P21 were not altered ( Figure 4d) . Surprisingly, P53 was downregulated in Pten À / À Dicer À / À mouse prostates. In agreement with this, qRT-PCR analysis shows that the expression levels of three P53 target genes were also decreased in Pten À / À Dicer À / À mouse prostates. Collectively, these findings suggest that upregulation of P16/INK4a and P27/Kip1, but not P53, may contribute to the apoptotic and senescent phenotypes. Of note, senescence is not increased in the Pten À / À Dicer À / þ mice while the increase in apoptosis in Pten À / À Dicer À / þ mice is milder as compared with that in Pten À / À Dicer À / À mice. Therefore, further functional verifications are necessary to dissect whether upregulation of P16 and P27 has a causative role or represents a consequence of impaired function of Dicer.
Inhibiting Dicer expression can elicit DNA damage in cultured cells. 38 Recent studies also showed that Dicer and Drosha are involved in generating small RNAs like diRNAs (double-strand break-induced small RNAs) and DDRNAs (site-specific DICER-and DROSHA-dependent small RNAs) that are necessary for efficient DNA double-strand repair. 39, 40 We did not detect substantial increases in phosphorylation of gH2A.X by western Blot in the prostate tissues of Pten À / À Dicer À / þ and Pten À / À Dicer À / À mice (Figure 4d ), suggesting that increased senescence and apoptosis in those mice may not be induced by deregulation of the DNA damage response. cell marker K8 in prostate tissues from Pten À / À , Pten À / À Dicer À / þ and Pten À / À Dicer À / À mice at 15 weeks. Bar graphs show quantifications. (c) b-galactosidase staining measuring cellular senescence in Pten À / À , Pten À / À Dicer À / þ and Pten À / À Dicer À / À mice. BGAV, b-galactosidase activity value. Bar graph quantifies the level of senescence. (d) Western blot analyses of expression of P16, P27, P15, P21, P53 and phosphor-gH2A.X in 15-week-old Pten À / À , Pten À / À Dicer À / þ and Pten À / À Dicer À / À mice. Individual lanes represent specimens from different mice. (e) qRT-PCR analysis of expression of three P53 target genes Bax, CD95 and Cyclin D2 in prostate tissues from Pten À / À , Pten À / À Dicer À / þ , and Pten À / À Dicer À / À mice at 15 weeks. In all figures, data represent means ± s.d. *Po0.05.
Dicer downregulation affects proliferative and migratory capacities of human prostate cancer cells
To determine whether suppressing Dicer activity would affect the biology of human prostate cancer cells, we knocked down Dicer using two well À characterized Dicer small hairpin RNAs 23 in androgen receptor (AR)-negative (PC3 and DU145) and androgen À receptor expressing prostate cancer cell lines (C4-2 and CWR22Rv1). qRT-PCR analysis showed that the maturation of some but not all prostate-expressed microRNAs that we tested were impaired when Dicer expression was knocked down ( Supplementary Figure 3 ). This suggests that knocking down the expression of Dicer in DU145 cells to the level comparable to that in normal or immortalized prostate epithelial cells (Figures 1a and  5a) has an impact on the maturation of at least some microRNAs. Both small hairpin RNAs inhibited the in vitro growth of all the tested cell lines (Figures 5a and e and Supplementary Figure S4 ). Figure S4 ). Dicer suppression reduced the capacity of all four cell lines to form colonies in the soft agar assay (Figures 5d and h, and Supplementary Figure 4) . These studies demonstrate that reducing Dicer activity suppresses prostate cancer cell growth and tumorigenicity. In sharp contrast, knocking down Dicer expression in the breast cancer cell line MCF-7 did not affect cellular growth, apoptosis or BrdU incorporation (Figures 5i-k) , but instead enhanced the colony forming activity of MCF-7 cells in the soft agar assay, as has been reported previously (Figure 5l ). 23 These data suggest that cancer cells of different tissue origins may require distinct levels of Dicer activity for optimal survival and growth. Finally, transwell migration assay showed that reducing Dicer expression enhanced the migratory capacities of CWR22Rv1 cells ( Figure 6 ). The migration of C4-2 cells was also slightly increased when Dicer was knocked down, but did not reach statistical significance. In contrast, suppressing Dicer activity did not enhance the migratory capacities of the AR-negative PC3 and DU145 cell lines (Data not shown).
DISCUSSION
A tissue context-and dosage-dependent role of Dicer in carcinogenesis While most studies on epithelial malignancies concur that a relatively lower Dicer expression predicts poor clinical outcomes, [13] [14] [15] [16] [17] [18] [19] [20] [21] it should be noted that cancerous tissues do not always express lower levels of Dicer than normal tissues do. For example, Dicer is expressed at a higher level in lung adenocarcinoma and cutaneous melanoma than in their respective benign counterparts. 18, 41 These facts imply that an optimal level of Dicer is necessary for cancer cells to balance survival, proliferation and invasiveness to ensure efficient disease progression.
Our result that ablating Dicer activity significantly delays progression of prostate cancer is consistent with most of the previous studies showing that Dicer is essential for the maintenance of cancer cell fitness, 22, 24, 25, 30, 31 although Kim et al. 42 showed that complete loss of Dicer synergizes with loss of function of Pten to stimulate progression of ovarian cancer. In contrast, hemizygous loss of Dicer accelerates progression of K-Ras-induced lung cancer and Rb loss-induced retinoblastoma, 22, 24 but not that of Myc-induced lymphoma. 25 We found that Dicer hemizygous loss or partial knockdown attenuates the proliferation, survival and tumorigenicity of prostate cancer cells but enhances the invasiveness. This result is consistent with the information obtained from human prostate specimens that Dicer expression is in general upregulated in cancerous tissues, but relatively lower Dicer expression predicts poor clinical outcome. In summary, Dicer has a pleiotropic role in tumorigenesis that is not only dosage-dependent but also tissue context-dependent.
Mechanism by which loss of function of Dicer induces senescence and apoptosis
Dicer deletion can increase the expressions and activities of cyclin-dependent kinase inhibitors. 7, 8 The molecular mechanisms underpinning such regulation have not been thoroughly understood. Suppressing Dicer activity can release gene silencing by removing localized promoter DNA methylation. 43 Alternatively, Dicer deletion can upregulate gene expression by releasing suppression from microRNAs. 44 The beta-galactosidase assay showed clearly that Pten À / À Dicer À / À mice displayed a more severe senescent phenotype, presumably through a synergy between Pten-loss-induced cellular senescence 37 and upregulation of P16 and P27. 45 Although P16 and P27 were also upregulated consistently in Pten À / À Dicer À / þ mice, we did not observe an increase in senescence as compared with Pten À / À mice. However, because of the semi-quantitative nature of the b-galactosidase assay, it is possible that a slight increase in senescence in Pten À / À Dicer À / þ mice that is below the detection threshold may also contribute to the decreased primary tumor burden in those mice.
Enhanced invasive phenotype in Pten À / À Dicer À / þ mice Dicer was downregulated in areas of invasive lung and breast cancers. 16, 18 Lower Dicer expression level was also correlated with a mesenchymal phenotype of breast cancer cell lines. 16 Several in vitro studies further showed that reducing Dicer activity enhances invasion of various human cancer cell lines. 13, 17, 46 Our study showing that Dicer hemizygous loss promotes a more invasive phenotype provides additional in vivo genetic evidence that the level of Dicer activity regulates tumor invasiveness. This invasiveness may be caused by upregulation of master transcriptional factors of epithelial-mesenchymal transition, such as Twist and FoxC1, as shown in Figure 3d . It is also proposed that suppressing Dicer activity may cause reduction of mature microRNAs that have critical roles in EMT, such as the miR-200 family members. 47 Reducing Dicer expression only enhanced invasion of CWR22Rv1 and C4-2 cells, but not PC3 and DU145 cells, suggesting that the mechanism through which Dicer regulates cell invasion can be interrupted in some cancer cell lines. Interestingly, PC3 and DU145 cells do not express the AR. Dicer knockout has been shown to inhibit AR function in the prostate. 48 Suppressing AR activity in human and rodent prostate cancer cells induces epithelial-mesenchymal transition. 49 Therefore, it is possible that suppressing Dicer enhances prostate cancer cell migration partly by attenuating AR activity. Collectively, our study suggests that suppressing Dicer activity can suppress the growth of prostate tumor cells, but can lead to a more invasive phenotype.
MATERIALS AND METHODS

Mouse and genotyping
Wild-type C57BL/6 mice and Dicer1 tm1bdh /J mice were purchased from the Jackson Laboratory (Bar Harbor, ME, USA). NOD/SCID beige mice were purchased from Charles River (Wilmington, MA, USA). The ARR2PB-Cre transgenic mice 33 RNA from normal and cancerous human prostate specimens All radical prostatectomy tissue samples were obtained from Baylor Prostate Specialized Programs of Research Excellence Tissue Core and collected from fresh radical prostatectomy specimens after obtaining informed consent under an institutional review board-approved protocol. Early recurrent and non-recurrent cancers are defined as PSA recurrence within 1 year and no prostate-specific antigen recurrence in 5 years, respectively. PSA recurrence is defined as having two successive follow-up PSA values 40.2 ng/ml 430 days following surgery. Cancer samples were at least 70% cancer.
RNA isolation and qRT-PCR
Total RNA was isolated using the miRNA Kit (Qiagen, Gaithersburg, MD, USA). Reverse transcription was performed using the Taqman microRNA RT 
Lentivirus production and transduction
The Dicer small hairpin RNA lentiviral vectors and the control pSicoR vector were made by the laboratory of Dr Tyler Jacks, 23 and were purchased from Addgene (Cambridge, MA, USA). Lentivirus preparation, titering, and infection of dissociated prostate cells were performed as described previously. 50 Cell culture, and in vitro and in vivo cellular assays
The primary human prostate epithelial cells were cultured in the PrEGM media and both were purchased from Lonza (Walkersville, MD, USA). PNT1a and PNT2 cells were from the European Collection of Cell Cultures and were obtained from the laboratory of Michael Ittmann at the Baylor College of Medicine. LNCaP, PC3, DU145, CWR22Rv1 and MCF-7 cells were from American Type Culture Collection (Manassas, VA, USA). C4-2 cells were from UroCor Inc. (Oklahoma City, OK, USA). These cells were maintained in RPMI 1640 with 10% fetal bovine serum with penicillin and streptomycin (Invitrogen, Carlsbad, CA, USA). All cell lines were maintained at 37 1C in a humid atmosphere containing 5% CO 2 . For in vitro proliferation assay, 1.5-3 Â 10 5 cells were seeded in six-well plates. Cells were counted using a VI-Cell Cell Viability Analyzer (Bechman-Coulter, Brea, CA, USA) for 4 sequential days. Cell proliferation was also measured by the MTT assay according to the manufacturer's instruction (Promega, Fitchburg, WI, USA). Soft agar assays were performed using sixwell plates as described previously. 22 Five-thousand cells were plated in each well in triplicates. For BrdU labeling assays, BrdU (Sigma) was added in cell culture media to a final concentration of 50 mM and incubated for 1 h at 37 1C with 5% CO 2 . The in vitro cell migration assay was performed using the BioCoat Matrigel Invasion Chamber (BD Biosciences, San Jose, CA, USA). Briefly, 1-6 Â 10 4 cells were put in each chamber and incubated for 12-24 h before invaded cells were quantified according to the manufacturer's instruction.
Histology, immunohistochemical and senescence analyses
Histological and immunohistochemical analyses were performed as described previously. 50 Slides were made from formalin-fixed and paraffin-embedded prostate tissues or from frozen tissues. Tissue sections were either stained with hematoxylin and eosin or the following antibodies: mouse anti-cytokeratin 8 (Covance, Berkeley, CA, USA), mouse anti-BrdU (DSHB, Iowa City, IA, USA), mouse anti-smooth muscle actin (Sigma-Aldrich, St Louis, MO, USA), and rabbit anti-pAKT and anti-cleaved caspase 3 (Cell Signaling Technologies). For fluorescence visualization, sections were stained with the Alexa Fluor 594 goat anti-rabbit IgG (H þ L) and Alexa Fluor 594 goat anti-mouse IgG (H þ L) (Invitrogen) secondary antibodies. Sections were counterstained with 4',6-diamidino-2phenylindole in mounting medium (Vector Laboratories, Burlingame, CA, USA) and analyzed by regular or confocal fluorescent microscopy. Senescence-associated beta-galactosidase staining was performed using the Senescence b-Galactosidase Staining Kit (Cell Signaling Technologies) according to the manufacturer's instruction. Staining was performed for 7 h at 37 1C in dark. The intensity of senescence b-galactosidase staining was quantified as described previously. 51 
Statistics
All experiments were performed using 3-13 mice in independent experiments. P-values were calculated using the Student's t-test and one-way analysis of variance analysis with Excel software and Graph-Pad Prism. The 0.05 level of confidence was accepted for statistical significance. For microarray data analysis, two-sided t-test and fold changes (using logtransformed values), were used to assess differential expression. Expression heat maps were generated using JavaTreeview (PMID: 15180930).
